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ABSTRACT
Circumstellar discs with large dust depleted cavities and vigorous accretion onto
the central star are often considered signposts for (multiple) giant planet formation.
In this letter we show that X-ray photoevaporation operating in discs with modest
(factors 3-10) gas-phase depletion of Carbon and Oxygen at large radii (> 15 AU) yield
the inner radius and accretion rates for most of the observed discs, without the need to
invoke giant planet formation. We present one-dimensional viscous evolution models
of discs affected by X-ray photoevaporation assuming moderate gas-phase depletion of
Carbon and Oxygen, well within the range reported by recent observations. Our models
use a simplified prescription for scaling the X-ray photoevaporation rates and profiles
at different metallicity, and our quantitative result depends on this scaling. While more
rigorous hydrodynamical modelling of mass loss profiles at low metallicities is required
to constrain the observational parameter space that can be explained by our models,
the general conclusion that metal sequestering at large radii may be responsible for
the observed diversity of transition discs is shown to be robust. Gap opening by giant
planet formation may still be responsible for a number of observed transition discs
with large cavities and very high accretion rate.
Key words: protoplanetary discs
1 INTRODUCTION
The circumstellar discs of material left over from the star
formation process provide the dust and gas from which plan-
etary systems are formed. The environmental conditions
for planet formation are thus determined by these planet-
forming discs, which evolve and disperse as they give birth
to planets. Interestingly, the timescales of disc dispersal are
comparable to those of planet formation, suggesting that the
dispersal mechanism dominates disc evolution right at the
time at which planets form and/or that the formation of
planets triggers the dispersal mechanism. Indeed, the planet
formation process also strongly affects the disc, making the
combined problem of planet formation and disc evolution a
strongly coupled and complex problem. Discs that are be-
lieved to be on the verge of dispersal, so-called “Transition
discs” (TDs), are thus particularly important tools to study
the planet formation process, as they can be used to probe
different mechanisms that may be at play at this crucial
time of disc evolution. TDs, are classically identified as discs
? E-mail: ercolano@usm.lmu.de (BE)
showing evidence of an (at least partially) evacuated inner
dust cavity (Strom et al. 1989), the size of this cavity can
vary from sub-AU sizes to many tens of AU. Most TDs also
show evidence of gas accretion onto the central star, with
accretion rates sometimes as vigorous as those observed in
younger, less evolved planet-forming discs (Manara et al.
2014). Different physical processes may be at play for the
formation of TDs (e.g. photoevaporation, MHD processes,
dust evolution, planet-disc interactions), in particular disc
dispersal models based on photoevaporation from the cen-
tral star, naturally produce TDs, but they fail to reproduce
their full demographics (Owen et al. 2011b; Ercolano & Pas-
cucci 2017).
TDs with large cavities and vigorous (e.g. of order
10−8M/yr or more) accretion rates are a challenge for cur-
rent photoevaporation models (Owen 2016; Ercolano & Pas-
cucci 2017), and planet-disc interactions are often invoked
for the formation of these objects. However numerical sim-
ulations generally fail to reproduce all observables simulta-
neously (Zhu et al. 2012). Dodson-Robinson & Salyk (2011)
argue that accreting TDs with large inner holes are signposts
of young multiplanet systems, but, based on observational
c© 2016 The Authors
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constraints on stability and occurence rate, Dong & Daw-
son (2016) argue against the planetary sculpting hypothesis
for TDs An alternative explanation for the large accretion
rates measured in large cavity TDs was recently presented by
Wang & Goodman (2017), involving a magnetically driven
supersonic accretion of low surface density material. This
model however is at odds with recent observations from the
Atacama Large Millimiter Array (ALMA) of the inner cav-
ities of some of these objects, showing that a large quantity
of gas is present inside the dust cavity (Bruderer et al. 2014;
van der Marel et al. 2015, 2016; Dong et al. 2017).
Understanding the origins of TDs and their demograph-
ics is of fundamental importance if these objects are to be
exploited as tools to study the planet formation process.
The nature of accreting, large cavity TDs is one of the open
challenges at present.
In this paper we explore the possibility that the recently
reported C and O depletion in the gas phase of the outer re-
gions of planet-forming discs (Du et al. 2017; Hogerheijde
et al. 2011; Favre et al. 2013; Ansdell et al. 2016; Kama
et al. 2016; Miotello et al. 2017) may lead to the formation
of large cavity, accreting TDs via an enhancement of the X-
ray photoevaporation rates at large disc radii. Indeed C and
O are major contributors to the opacity in the X-ray, a de-
pletion in the gas phase abundance of these elements results
in denser gas being heated to temperatures sufficient for es-
cape, resulting in higher gas densities at the sonic point and
ultimately more vigorous winds (Ercolano & Clarke 2010,
EC10).
The extent to which the demographical parameter
space covered by photoevaporation models can be extended
through this mechanism is explored here by means of one-
dimensional viscous evolution models of discs with varying
degree of C and O depletion which are subject to X-ray pho-
toevaporation.
2 METHODS
2.1 X-ray photoevaporation at low metallicity
High energy radiation from the central star can thermally
unbind disc material which is then centrifugally launched,
creating a photoevaporative wind with a surface mass loss
rate which can be approximated by Σ˙ ∼ ρb ·Mb · cs, where
ρb, Mb and cs are the density, the launch Mach number and
the sound speed at the base of the flow. EC10 show that
in the case of X-ray photoevaporation ρb, and as a second
order effect also cs, increase when the gas metallicity, Z, is
reduced, leading to higher wind mass loss rates, M˙W , for low
metallicity cases. The increase in ρb in the low metallicity
cases, which is by far the dominant effect, is due to the re-
duced extinction allowing high density gas at larger columns
to be heated to temperatures sufficiently high for the gas to
be photoevaporated. Lower metallicity also leads to higher
gas temperature, hence an increase in cs, but this effect only
plays a secondary role. More quantitatively EC10 find the
following relation of wind mass loss rate with metallicity:
M˙W (Z) ∝ Z−0.77.
This relation is based on detailed thermal and pho-
toionisation calculations, but the models are run in hydro-
static equilibrium and the mass loss rates are estimated from
Σ˙ ∼ ρb ·Mb · cs, which Owen et al. (2010) have shown to
underestimate the absolute value of mass loss rates in the
case of X-ray photoevaporation. Full hydrodynamical simu-
lations, based on a scheme that relates the temperature, T ,
to the local properties of the gas via the ionisation param-
eter, ξ, have only been carried out for the solar metallicity
case. The form of the ξ−T relation changes at low metallic-
ity, whereby for the same ξ a higher T is achieved, meaning
that the gas density at the sonic point is higher. This pro-
duced an increase in mass loss rates at low metallicity similar
to EC10’s predictions. In this work we then adopt the mass
loss rates and wind profiles for the Z=1 case presented by
Owen et al. (2010, 2011a, 2012) and scale them for lower
values of Z using the M˙W (Z) proportionality. In practice,
we multiply the mass-loss per unit area by the metallicity
scaling Z−0.77. The resulting profiles for the Z = 1 and 0.1
cases are shown as the red lines in Figure 1. As the total me-
chanical luminosity of the flow cannot exceed the absorbed
X-ray flux there is a maximum enhancement to the mass-
loss rate that depletion can provide. The results of Owen
et al. (2011a) (their Figure 14) suggest a wind energy effi-
ciency of ∼8% at large radius where the depletion will take
place. Therefore, we restrict ourselves to a maximum de-
pletion of Z=0.1, noting further depletion will not increase
the mass-loss rates and behave similarly to the Z=0.1 model.
The approach above relies on the assumption that the global
scaling of the mass loss rates with metallicity reported by
EC10 also holds locally. To confirm this, we have re-analysed
the model grids of EC10 and found that the slope in the
M˙W (Z) proportionality shows moderate variation between
values of ∼-0.45 and ∼-0.87 at radii between 15 and 40 AU.
As will be discussed in Section 4, variations in the profile do
not affect the conclusions of this work.
2.2 Evolution of the gas disc
We consider the viscous evolution of the surface density of
a gaseous disc subject to X-ray photoevaporation, which is
described by the following equation:
∂Σg
∂t
=
1
r
∂
∂r
[
3r1/2
∂
∂r
(
νΣgr
1/2)]− Σ˙W(r, t). (1)
The first term on the right-hand side describes the vis-
cous evolution of the disc (Lynden-Bell & Pringle 1974)
and the second the mass loss due to photoevaporation (e.g.,
Clarke et al. 2001). Σg is the gas disc surface density, r
the radial distance from the star in the disc midplane, ν
the kinematic viscosity of the disc, M∗ the stellar mass,
and Σ˙W the radial photoevaporation profile. For a 0.7 M
star, the integrated gas mass loss rate across the disc is
M˙W =
∫
2pir2Σ˙wind(r) dr ≈ 7 × 10−9Myr−1 for an X-ray
luminosity of 1.1·1030erg/sec.
To solve Equation (1), we use the 1D viscous evolution
code SPOCK detailed in Ercolano & Rosotti (2015). We
discretize Equation (1) on a grid of 800 points equispaced
in r1/2 between 0.0025 − 2500 AU. We assume a disc tem-
perature structure T ∝ r−1/2, with T ≈ 2100 K and 4 K
at the inner and outer boundaries, respectively. To integrate
the viscous term in Equation (1) we perform a change of
variables to transform this into a diffusion equation (Pringle
et al. 1986). The photoevaporation term is integrated by
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removing a fixed amount of mass from each cell at every
timestep. A floor surface density of 10−8 g cm−2 is used
to prevent numerical problems. The X-ray model has two
epochs delineated by the clearing of the hole in the disc,
at which point the inner edge of the outer disc is exposed
directly to stellar irradiation. Assuming an X-ray penetra-
tion depth of 1022 cm−3, we switch to the second epoch
once the hydrogen column density is below this value out to
the location of the gap. The simulation ends when the sur-
face density is below 0.1 g cm−2 at any given point or after
10 Myr. To investigate the effects of depletion in the outer
disc regions of gas-phase C and O we assume a depletion in
Z 1 for material at disc radii beyond a critical value RZ .
2.3 Population syntheses of evolving discs
We follow Owen et al. (2011a) and construct population syn-
theses for the evolving discs by stochastically sampling the
X-ray luminosity function of the central stars using obser-
vational data for the Taurus region. We use a cumulative
X-Ray luminosity function built from observed luminosities
in the range 0.3 − 10keV of pre-main sequence stars with
masses 0.5 ≤ M ≤ 1.0M in the Taurus cluster (Gu¨del
et al. 2007). Following this method, we construct three pop-
ulations of TDs, with different levels of C and O depletions,
characterized by metallicities of Z = 1 (no depletion), 0.3
and 0.1. Each population contains 1000 discs with the same
initial mass M0 = 0.07M, host-star mass M∗ = 0.7M
and aspect ratio h/r = 0.05 at R1. The Shakura-Sunyaev
parameter α and the scaling radius R1 are adjusted in each
population in order to match the observed disc lifetimes.
We tested that for the Z = 1 case we retrieve the TD
demographics of Owen et al. (2017), when using the same
disc set up (α = 2.5 · 10−3, R1 = 18AU). Our subsequent
approach for obtaining the final populations from which the
TD demographics are drawn, differs from the work of (Owen
et al. 2011b) in that, as well as sampling the X-ray luminos-
ity function for the central star, we also randomly sample
the initial scaling radius, R1, and the critical radius, RZ ,
from a uniform distribution. R1 is allowed to vary between
10 and 100 AU, while RZ varies between 5 and 50 AU. We
then choose α accordingly in order to ensure that the dis-
persal timescale of the populations match observations. We
assume a simple linear dependence of α on R1 and RZ and
find that:
α = 2 · 10−3 + 7.5 · 10−5 ·R1, forZ = 1, (2)
α = 8 · 10−4 + 2 · 10−6 ·R1 + 2 · 10−5 ·RZ , forZ = 0.3 (3)
α = 2 · 10−4 + 2 · 10−6 ·R1 + 2 · 10−5 ·RZ , forZ = 0.1. (4)
This approach is chosen in order to maximise the diversity
in the resulting TD demographics, and it is justified by the
fact that there is no a-priori reason for α, R1 and RZ to
be fixed in all discs. We note however that we have also
analysed population syntheses obtained using fixed values of
α, R1 and RZ for all three metallicity cases and found that
1 C and O are the main contributors to the opacity in the soft
X-ray spectral region, meaning that a depletion in C and O is
roughly equivalent to a depletion in Z for what concerns X-ray
penetration depth and hence photoevaporative wind rates.
qualitatively our results do not change. This demonstrates
the robustness of our general results against the choice of
initial conditions.
3 RESULTS
3.1 Single disc evolution at low metallicity
Figure 1 compares the evolution of the surface density
distribution of a disc irradiated by a central star with
LX = 1.1 · 1030 erg/sec for metallicities of Z = 1 (left panel)
and Z = 0.1 (right panel) and critical radius RZ = 15 AU .
This model assumes a scaling radius R1 = 18 AU and
α = 2.5·10−3 for Z = 1 and α = 4·10−4 for Z=0.1. Note that
the value of α in the Z = 1 case matches the value assumed
by Owen et al. (2011a), while in the Z = 0.1 case the value
was adjusted to ensure a similar dispersal timescale, which
is in both cases observationally constrained. The evident dif-
ference between the two cases is the opening radius of the
photoevaporative gap, which occurs at ∼1 AU and ∼50 AU
in the Z = 1 and Z = 0.1 case, respectively. The X-ray pho-
toevaporation profile is characterised by a prominent peak
at ∼1 AU and a broader profile extending to ∼80 AU and a
secondary, less prominent peak at ∼50 AU. In cases where Z
is reduced in the outer disc, the secondary peak at ∼50 AU
dominates and the gap is opened around that location. The
mass loss profiles for the relevant metallicity values are su-
perimposed as the thick red lines in Figure 1. Since the outer
regions of the disc are undergoing viscous expansion the gas
velocity is radial outwards rather than inwards. Therefore,
the location where the mass-loss first exceeds the radial out-
wards ”decreation”rate is at large radius rather than at small
radius, as would be the case for radial inward gas flow. A
similar effect was identified by Morshimi (2012) in the case
of a dead-zone. The location of gap opening is then inde-
pendent of the RZ assumed, as long as this is smaller than
∼50 AU.
3.2 Transition Disc Demographics
Owen et al. (2011a) presented population synthesis models
of TD demographics and showed that X-ray photoevapora-
tion could not account for all TDs observed at the time.
Specifically TDs presenting simultaneously large holes and
significant accretion (∼ 10−8M/yr) lie well outside the pa-
rameter space covered by the models, which led the authors
to suggest that different mechanisms may be responsible
for the cavities observed in these objects (Owen & Clarke
2012). More recent data has somewhat populated the TD
demographics diagram, showing a continuous distribution
of sources spanning roughly equally the Rin-M˙ plane. We
show all data available to date (excluding G and A-type
stars) as grey dots in Figure 2, and refer to the review by
Ercolano & Pascucci (2017) for references to the individ-
ual observations. The majority of TDs cannot be explained
by the photoevaporation models presented by Owen et al.
(2011a) which do not account for C and O depletion in the
outer regions of protoplanetary discs. Furthermore Owen et
al. (2011, 2017) only assume a single set of initial conditions
for all discs (R1 = 18 AU, α = 2.5 · 10−3).
In Figure 2 we show the TD demographics resulting
MNRAS 000, 1–5 (2016)
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Figure 1. The thin black lines show the surface density evolution for our EUV plus X-Ray driven photoevaporating disc model with
the median X-Ray luminosity (1.1 · 1030erg s−1) with constant solar metallicity (left) and with a decrease in metallicity by a factor of
10 beyond 15AU (right). The first line shows the surface density at t=0, the following lines show snapshots in 0.1Myr steps, starting at
t=1Myr. The thick red lines show the corresponding mass loss profiles.
from our population synthesis models which allow a range
of initial disc conditions, as described in the previous sec-
tion. In the three panels we show populations with Z = 1
(panel a), 0.3 (panel b) and 0.1 (panel c) as proxies of similar
C and O gas phase depletion in the outer disc. It appears
that the number of TDs that can be explained by simple
X-ray photoevaporation models is drastically extended al-
ready when a factor ∼3 depletion in C and O is assumed.
There are still a number of strong accretors that are not
covered by our model demographics. These objects tend to
have large measured disc masses (colour-coded blue by Er-
colano & Pascucci (2017)), hinting at cavities having been
carved into young discs.
Another problem of the ”standard”, Z = 1, X-ray photo-
evaporation model is the prediction of a large population of
discs with large cavities and no accretion signature, which
has until now not been matched by observations. This is
clearly visible as the red line at the lowest M˙ value in Fig-
ure 2.a. Indeed the Z = 1 model predicts approximately
98% of the entire TD population to be non accretors, which
is clearly at odds with current observations. The problem is
somewhat alleviated when considering models with lower Z.
Indeed in the Z = 0.3 and 0.1 models non-accretors account
for ∼82% and ∼45% of the whole TD population, respec-
tively. While non-accretors are still not observed in these
percentages, this process goes in the right direction to solve
the discrepancy with the observations, but other processes
also likely contribute to the removal of the outer disc in the
remaining cases.
Our simple models, which in the low metallicity case
always cause the photoevaporative gap to open at ∼50 AU,
overpredict the number of TDs that should be observed hav-
ing cavities of roughly that size. This is particularly evident
in the Z = 0.1 case and is an artifact of our simplified ap-
proach that scales the photoevaporation rates by a fixed
amount for all radii outside a given critical radius, assuming
that the normalised mass loss profile remains unchanged.
Detailed radiation-hydrodynamical simulations, performed
at the relevant metallicities are needed in order to determine
the true photoevaporation profile in these cases. Variations
in the profile for different values of Z and RZ would eliminate
this feature in the distributions.
Finally, we note that protoplanetary discs are observed
to have different level of C and O depletion. The observed
TD demographics are thus likely a result of chemically in-
homogeneous populations, i.e. a combination of the cases
shown in this work.
4 CONCLUSIONS
We have employed one-dimensional viscuous evolution mod-
els of protoplanetary discs affected by X-ray photoevapora-
tion from the central star to investigate the effect of C and O
depletion in the outer disc regions on the TD demographics.
By considering disc populations with different metallicity,
where the X-ray luminosity, the initial disc parameters and
the critical radius beyond which the disc is depleted from
metals are stochastically sampled we show that we can ex-
plain the inner radii and accretion rates for the majority
of observed TDs. Populations of C and O depletion in the
outer disc also alleviate the discrepancy in the predicted
number of non-accreting TDs, which are rarely observed.
On the contrary disc populations with variable initial con-
ditions but no C and O depletion can only explain a small
fraction of the observed TDs, namely only those with in-
ner radii of a few AU (less than 10 AU) and mass accretion
rates less than 10−9Myr−1. Furthermore populations with
no C and O depletion predict 98% of observed TDs to be
non-accretors with cavities larger than 10 AU, which is at
stark contrast with the observational data. We thus conclude
that the recently reported observations showing gas-phase C
and O depletion in the outer regions of protoplanetary discs
may provide a natural explanation to the observed diver-
sity of TDs when considering X-ray photoevapoaration as
the main formation route, without the need to invoke giant
planet formation.
A number of important questions however remain that
cannot be answered by our simple models. The main techni-
cal uncertainty is in the photoevaporation profile at differ-
ent metallicity, for which our model use the simple scaling
provided by Ercolano & Clarke (2010). We have tested the
MNRAS 000, 1–5 (2016)
Accreting Transition Discs with large cavieties L5
0.0 0.2 0.4 0.6 0.8 1.0
Hole Radius [AU]
0.0
0.2
0.4
0.6
0.8
1.0
Lo
g
(A
cc
re
ti
o
n
 R
a
te
) 
[M
¯
yr
−1
]
12
11
10
9
8
7
6
(a)
12
11
10
9
8
7
6
(b)
100 101 102
12
11
10
9
8
7
6
(c)
10-4
10-3
10-2
10-1
100
101
P
ro
b
a
b
ili
ty
 [
%
]
Figure 2. Mass accretion rate versus disc hole size. The grey
circles show TDs. Numbers next to the circle indicate the total
number of sources at that point, arrows indicate that the accretion
rate is an upper limit. The colored areas show the probability to
find a TD with the corresponding accretion rate and hole radius,
calculated from population synthesis’ of our EUV- plus X-Ray
driven photoevaporating disc models. Discs with an accretion rate
lower than 10−12Myr−1 are shown at the bottom. Panel (a)
shows our results for disc models with constant solar metallicity,
panels (b) and (c) show our results for disc models with a decrease
in metallicity by a factor of ∼3 (Z = 0.3) and 10 (Z = 0.1).
robustness of our results to the details of the mass loss pro-
files, by adopting variable scalings of the local mass loss with
metallicity, derived from a re-analysis of the EC10 model
grids (see Section 2.1). While we find quantitative differences
in the specific probability of observing a TD of a given cavity
size and accretion rate, the global distribution of cavity sizes
and accretion rates are similar. This supports our general
conclusion that metal depletion in the outer regions of proto-
planetary discs invariably leads to the formation of accreting
TDs with large cavities. Full radiation-hydrodynamic simu-
lations are now crucial to provide reliable mass loss profiles
in the case of metallicity gradients, allowing a more quanti-
tative comparison of the models with the observations. Our
current results motivate the pursue of such models in a fu-
ture work.
A further question concerns the feedback of disc disper-
sal on gas phase C and O depletion. As the disc is eroded
from the inside-out by photoevaporation, the outer disc may
become warmer, detailed thermochemical models could be
useful to predict whether some of the sequestred C and O
may be returned to the gas phase during the transition
phase. Comparisons of observations C and O depletion in
the outer region of primordial and large cavity TDs may
also be useful to address this question.
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